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Long-distance movements 50 kDa movement protein (P50) acts as a suppressor of systemic silencing in
Nicotiana benthamiana. Here, we investigate the mode of action of P50 suppressor. An agroinﬁltration assay
in GFP-expressing N. benthamiana line16c (GFP-plant) showed that P50 could not prevent the short-distance
spread of silencing. In grafting experiments, the systemic silencing was inhibited in GFP-plants (scion)
grafted on P50-expressing N. benthamiana (P50-plant; rootstock) when GFP silencing was induced in
rootstock. In double-grafted plants, GFP-plant (scion)/P50-plant (interstock)/GFP-plant (rootstock), the
systemic silencing in scion was inhibited when GFP silencing was induced in rootstock. Analysis of P50
deletion mutants indicated that the N-terminal region (amino acids 1–284) is important for its suppressor
activity. In gel mobility shift assay, P50 lacks binding ability with siRNAs. These results indicated that P50 has
a unique suppressor activity that speciﬁcally inhibits the long-distance movement of silencing signals.
© 2008 Elsevier Inc. All rights reserved.Introduction
RNA silencing is widely conserved across eukaryotic organisms
including fungi, animals, and plants (Cogoni, 2001; Hannon, 2002;
Zamore, 2002), and it acts as an adaptive immune system against
invading nucleic acids such as viruses, viroids, transposons and
transgenes in plants (Vance and Vaucheret, 2001; Baulcombe, 2004;
Ding et al., 2004; Voinnet, 2005a; Wang and Metzlaff, 2005). This
mechanism involves initial processing of double-strand RNA (dsRNA)
into 21- to 25-nucleotide (nt) small interferingRNAs (siRNA) having 2-nt
3′ overhangs, and 5′ phosphate by an RNaseIII-like enzyme called DICER
[it is called DICER-LIKE (DCL) in plants]. These molecules are incorpo-
rated into a protein complex called RNA-induced silencing complex
(RISC) that operates the sequence-speciﬁc degradation of target RNAs
(Hamillton and Baulcombe, 1999; Hammond et al., 2000). In several
organism including plants, fungi and worms, siRNAs are also used as
primers by RNA-dependent RNA polymerase (RdRp) to convert single-
strand RNA (ssRNA) into dsRNA (Herr, 2005). In plants, when silencing is
induced in cells of a leaf (referred to as local silencing), it can spread from
an initially silenced cell to a neighboring cell via theplasmodesmata, and
silencing can spread over a long distance to different parts of the plant
via thephloem,mimickingpatternsof plant viralmovement through the
plant (Palauqui et al.,1997; Voinnet and Baulcombe,1997). The spread of
silencing throughout a plant (referred to as systemic silencing) is due toawa).
l rights reserved.themovement of silencing signals containing a nucleic acid component,
probably RNA (Mlotshwa et al., 2002; Voinnet, 2005b).
In plants infected with RNA virus, accumulation of dsRNA
replication intermediate or certain virus ssRNA with high secondary
structure can trigger RNA silencing. Local silencing may inhibit viral
propagation in infected cells. On the other hand, systemic silencing
may confer sequence-speciﬁc resistance to uninfected neighboring
cells and distant tissues by the spreading of silencing signals ahead of
viral movement (Voinnet et al., 2000; Voinnet, 2005a, 2005b). To
counteract RNA silencing, many viruses have evolved RNA silencing
suppressors. Over 30 viral suppressors have been identiﬁed among
plant, animal and insect viruses (Voinnet, 2005a). Because of no
obvious sequence similarity among these suppressors, it has been
thought that they interfere with the RNA silencing pathway at
different points (Roth et al., 2004; Voinnet, 2005a). Most plant viral
suppressors, e.g., tombusviruses P19, potyviruses HC-Pro, cucumo-
viruses 2b, and closteroviruses P21, can interfere with local silencing
(Guo and Ding, 2002; Lakatos et al., 2004, 2006; Zhang et al., 2006;
Goto et al., 2007; Shiboleth et al., 2007). On the other hand, only three
suppressors, a coat protein (CP) of Citrus tristeza virus (CTV), P50 of
ACLSV, and Vp20 of Apple latent spherical virus (ALSV), were reported
to inhibit systemic silencing without interfering with local silencing
(Lu et al., 2004; Yaegashi et al., 2007a, 2007b). However, how and
where these proteins act as suppressors have yet to be understood.
ACLSV is classiﬁed into the type species of Trichovirus genus,
Flexiviridae family (Fauquet et al. 2005; Martelli et al., 2007). ACLSV
has a ﬂexuous ﬁlamentous particle (740 to 760 nm in length and
Fig. 1. P50 does not inhibit the short-distance spread of silencing. The leaves of GFP-
plant were inﬁltratedwith a mixture of agrobacteria carrying pBI-GFP and the pBE2113-
P35T (vector), or pBE2113-P50 (P50), and photographed with a yellow ﬁlter at 7 dpif
under a long-wave UV lamp.
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protein (Yoshikawa and Takahashi 1988). The ACLSV genome contains
three open reading frames that encode a replication-associated
protein, a movement protein (P50), and a CP, respectively (German
et al., 1990; Sato et al., 1993). The P50 localizes to plasmodesmata of
infected cells and in cells expressing P50 from a transgene and also
accumulates in the parietal layer of sieve elements and on sieve plates
(Yoshikawa et al., 1999, 2006). The protein can spread from cells that
initially produce it into neighboring cells and enables cell-to-cell
trafﬁcking of GFP when P50 and GFP are co-expressed in leaf
epidermis (Satoh et al., 2000). The P50 also has two independently
active, single-stranded nucleic acid-binding domains (Isogai andFig. 2. Schematic description of three types of grafting experiments using P50-expressing t
protein in leaf and stem tissue of P50 expressing transgenic Nicotiana benthamiana (P50-p
samples extracted from leaf and stem tissues of ﬁve P50-plants (lanes 1–5). Total protein sam
negative controls (lane NT). (B) Immunoblot analysis of P50 accumulation level in P50-plan
samples were extracted from leaf tissue of P50- or NT-plants (lane 1, 2), ACLSV inoculat
agroinﬁltrated leaves at 1, 3, and 7 dpif (lanes 5–7; GFP+P50, lanes 8–10; GFP+vector). (C)
with agroinﬁltrated leaves in rootstock. (E) Single-grafted plants with agroinﬁltrated leave
indicate P50-plants (P50) or NT-plants (NT). The white area shows silenced tissue by inﬁltra
indicate the direction of spread of silencing signals.Yoshikawa, 2005). In addition to these functions, our recent study
revealed that P50 functions as a silencing suppressor and inhibits
systemic silencing without interfering with local silencing in N.
benthamiana (Yaegashi et al., 2007a). Based on these ﬁndings, we have
hypothesized that P50 would interfere with the cell-to-cell movement
through plasmodesmata and/or the systemic movement through
phloem of the silencing signals.
In this study, we investigated whether P50 interferes with the cell-
to-cell and/or long-distance movement of silencing signals by an
agroinﬁltration assay and grafting experiments using GFP-expressing
N. benthamiana line 16c (GFP-plant) and P50-expressing transgenic N.
benthamiana (P50-plant). The results indicated that P50 is a unique
suppressor that speciﬁcally inhibits the long-distance movement of
silencing signals through phloem.
Results
P50 suppresses long-distance but not short-distance spread of silencing
It has been reported that RNA silencing can spread from initially
silenced cells to neighboring cells (Voinnet and Baulcombe, 1997). In
GFP-plants, this cell-to-cell spreading provokes shutting down of GFP
expression in neighboring cells, which is manifested by a narrow red
border around the initially silenced spot (Himber et al., 2003). To
examinewhether the expression of P50 could suppress the cell-to-cell
movement of silencing signals, an agroinﬁltration assay using GFP-
plants was carried out. The developed leaves of GFP-plants were
inﬁltrated with a mixture of agrobacteria carrying pBI-GFP (GFP) plusransgenic Nicotiana benthamiana. (A) Immunoblot analysis of the accumulation of P50
lants) plants using P50 antiserum. The number in each lane indicates the total protein
ples from leaf and stem tissue of nontransgenic N. benthamiana (NT-plants) were used as
ts, ACLSV-infected plants, and transient expression using P50 antiserum. Total protein
ed or healthy Chenopodium quinoa leaves at 4 days post inoculation (lane 3, 4), and
Single-grafted plants with agroinﬁltrated leaves in rootstock. (D) Double-grafted plants
s in scion. The gray parts of the illustration indicate GFP-plants (GFP), and black parts
tion with a mixture of agrobacteria carrying pBI-GFP plus pBI-dsGFP, the white arrows
Fig. 3. P50 inhibits the long-distance spread of silencing. (A) The single-grafting
experiments shown in Fig. 2B. In grafted plants (GFP/NTif and GFP/P50if), the part of the
grafting plants with inﬁltrated leaves is marked with “if.” The plants were
photographed with a yellow ﬁlter at 6 wpif under a long-wave UV lamp. Arrows
indicate graft junctions. (B) Northern blot analysis of GFP-mRNA and GFP-siRNAs
extracted from the inﬁltrated leaves of rootstock at 1 wpif (lane if) and upper leaves of
scion at 6 wpif (lane u). RNA samples extracted from non-grafted and non-inﬁltrated
leaves of GFP-plant were used as positive control for GFP-mRNA or negative control for
GFP-siRNA, respectively (lane cont.). Ethidium bromide stainings of rRNA and tRNA are
shown as loading controls, respectively.
Table 1
The inhibitory effect of P50 on systemic silencing of GFP in single- or double-grafted
plants
Scion/rootstock or scion/
interstock/rootstock
No. of plants
inﬁltrated
No. of plants
systemically silenceda
Suppression
efﬁciency (%)
GFP/NTif 14 12 14.3
GFP/P50if 18 7 61.1
GFPif/NT 5 5 0
GFPif/P50 8 8 (2)b 0
GFP/NT/GFPif 11 9 18.2
GFP/P50/GFPif 10 4 60
a The number of grafted plants exhibiting systemic silencing of GFP in scion was
counted at 6 wpif.
b Systemic silencing of GFP in scion for two plants was incomplete as shown in Fig.
4A-iii.
Fig. 4. P50 inhibits the long-distance movement of silencing signals through phloem.
(A) The grafting experiments shown in Figs. 2C and D. In grafted plants, the part of the
grafting plants with inﬁltrated leave is marked with “if.” The plants were photographed
with a yellow ﬁlter at 6 wpif under a long-wave UV lamp. Arrows indicate graft
junctions. (B) Northern blot analysis of GFP-mRNA and GFP-siRNAs extracted from the
inﬁltrated leaves of rootstock or scion at 1wpif (lane if) and uninﬁltrated upper leaves of
scion at 6 wpif (lane u). RNA samples extracted from non-grafted and non-inﬁltrated
leaves of GFP-plant were used as positive control for GFP-mRNA or negative control for
GFP-siRNA, respectively (lane cont.). Ethidium bromide stainings of rRNA and tRNA are
shown as loading controls, respectively.
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either P50 or vector, strong GFP ﬂuorescence was not observed, and
similar red rings around the inﬁltrated spots were observed at 7 days
post inﬁltration in both leaves (7 dpif; Fig. 1). The result strongly
suggested that P50 expression could not inhibit the short-distance
spread of silencing induced by the cell-to-cell movement of silencing
signals via plasmodesmata.
To investigate whether P50 suppresses the long-distance spread of
silencing, P50-expressing transgenic N. benthamiana (P50-plant) was
constructed and used for grafting experiments. Immunoblot analysis
of P50-plants showed that the accumulation of P50 was readily
detected in leaf and stem tissues (Fig. 2A). The P50-plants did not
show any obvious phenotypic abnormality (data not shown).
Accumulation levels of P50 in leaves of P50-plants, in leaves inﬁltrated
with agrobacteria carrying pBI-GFP and pBE2113-P50 at 1, 3, and
7 dpif, and in ACLSV-infected Chenopodium quinoa leaves were
analyzed by immunoblotting (Fig. 2B). There is no signiﬁcant
difference of P50 accumulation levels among P50-plant, agroinﬁl-
trated leaves, and ACLSV-infected C. quinoa.
First, we grafted GFP-plants as scions onto P50-plant rootstocks
(GFP/P50; Fig. 2C). Instead of P50-plants, nontransgenic N. benthami-
ana (NT-plant) was used as a negative control (GFP/NT). Then, the
leaves of rootstocks of the grafted plants (GFP/P50 and GFP/NT) were
inﬁltrated with a mixture of agrobacteria carrying GFP plus pBI-dsGFP
(dsGFP) (Fig. 2C), and GFP ﬂuorescence in scions was monitored. The
rootstocks (or scions) with leaves where agrobacteria were inﬁltrated
were marked with ‘if’ as GFP/NTif and GFP/P50if as shown in Fig. 3A.
In GFP/NTif plants, the disappearance of GFP ﬂuorescence on scions
started at 2 to 3 weeks post inﬁltration (wpif) and spread throughoutmost leaves and stems at 6 wpif (Fig. 3A-(i)). The GFP disappearance
on leaves of scions was found on 85.7% of plants (12 out of 14
inﬁltrated plants; Fig. 3A-(i) and Table 1), indicating that systemic
silencing was induced in most GFP/NTif plants. In contrast, leaves of
scions of 61.1% GFP/P50if plants did not show GFP silencing at 6 wpif
(Fig. 3A-(ii), Table 1).
To conﬁrm whether the silencing of GFP gene was induced in the
grafted plants, inﬁltrated leaves of rootstocks and upper leaves of
scions were analyzed by Northern blotting for GFP-mRNA and GFP-
siRNA. Accumulation levels of GFP-mRNA in inﬁltrated leaves (root-
stock) of both GFP/NTif and GFP/P50if plants were lower than those in
leaves of the control GFP-plant (Fig. 3B). Conversely, 21–25 nt GFP-
siRNAs were found to have accumulated in both inﬁltrated leaves, but
not in leaves of the control GFP-plant (Fig. 3B). The results conﬁrmed
Fig. 5. Analysis of suppressor activity of P50 deletion mutants. (A) Summary of suppression activity of seven P50 deletion mutants on systemic silencing. The pentagon labeled E, P,
and Ω, represents the transcriptional enhancer, 35S promoter of Cauliﬂower mosaic virus (CaMV), and translational enhancer of Tobacco mosaic virus 5′ untranslated region,
respectively. The box labeled T represents the nopaline synthase terminator. The gray boxes indicate wild-type P50 (457 amino acids) and the retaining amino acid region of P50
deletion mutants. Deleted amino acid positions indicate right side of each box of mutants. + and − indicate the presence or absence of suppression activity, respectively. (B)
Immunoblot analysis of P50 deletion mutants using P50 antiserum. Total protein samples were extracted from leaves inﬁltrated with a mixture of agrobacteria carrying pBI-GFP and
vector, P50, or P50 deletion mutants shown in (A) at 2 dpif. Asterisks indicate the positions of each deletion protein signal.
202 H. Yaegashi et al. / Virology 382 (2008) 199–206that the local silencing of GFP was induced in inﬁltrated leaves of both
NT- and P50-rootstocks, consistent with previous results in which P50
does not interfere with local silencing (Yaegashi et al., 2007a). On the
other hand, in upper leaves (scions) of GFP/NTif plants showing
disappearance of GFP ﬂuorescence, GFP-mRNA did not accumulate,
while GFP-siRNAwas readily detected (Fig. 3B). In contrast, GFP-mRNA,
but not GFP-siRNA, accumulated at the same level as that of the control
GFP-plant in upper leaves (scion) of the GFP/P50if plant showing GFP
ﬂuorescence (Fig. 3B). These results indicated that P50-plants suppress
the output of silencing signals of GFP from rootstocks to scions, in
accordance with the previous result (Yaegashi et al., 2007a).
P50 suppresses the long-distance movement of silencing signals
through phloem
From the above results, we speculated that P50 could speciﬁcally
suppress the long-distance movement of silencing signals through
phloem. To verify this hypothesis, double-grafting experiments were
conducted as illustrated in Fig. 2D.The grafted plants consisted of GFP-
plants as scions, P50-plants or NT-plants as interstocks and GFP-plants as
rootstocks (GFP/P50/GFPorGFP/NT/GFP). SilencingofGFPwas induced in
leaves of rootstocks by the agroinﬁltrationwith amixture of agrobacteria
carryingGFP plus dsGFP. As expected, 81.8% (9 out of 11 inﬁltrated plants)
of GFP/NT/GFPif plants showed disappearance of GFP in scions at 6 wpif,
i.e., GFP silencingwas induced in leaves of scions (Fig. 4A-(i), Table 1). On
the other hand, 60% of GFP/P50/GFPif plants did not show disappearance
of GFP at 6 wpif (Fig. 4A-(ii), Table 1), suggesting that P50 in interstocks
suppresses the movement of signals from rootstocks to scions.
To test the possibility that, in grafted plants, P50 trafﬁcs from the
expressed tissues (rootstocks or interstocks) into the distant part oftissue (scions) through phloem and inhibits signal reception in distant
cells, two leaves of scions of GFP/NT and GFP/P50 plants at 4 weeks
after grafting were agroinﬁltrated as described in Fig. 2E. In most of
bothGFPif/NTandGFPif/P50 plants, disappearance of GFPwas observed
in uninﬁltrated upper leaves (scions) at 6 wpif, though 2 out of 8 GFPif/
P50 plants showed incomplete disappearance of GFP (Fig. 4A-(iii),
Table 1). Immunoblot analysis of total proteins from stems of
rootstocks and scions of GFPif/P50 at 6 wpif using P50 antiserum
showed that the accumulation of P50 protein in stems of scions is at an
under detectable level (data not shown). Thus, we thought that P50
protein might not trafﬁc from rootstocks into scions through phloem,
though the possibility could not be ruled out completely.
Northern blot analysis showed that the accumulation level of GFP-
mRNA was reduced in the inﬁltrated leaves of GFP/NT/GFPif, GFP/P50/
GFPif, GFPif/NT and GFPif/P50 plants (Fig. 4B). Conversely, 21–25 nt GFP-
siRNAs accumulated in all inﬁltrated leaves (Fig. 4B). In upper leaves
(scions) of GFP/NT/GFPif, GFPif/NT or GFPif/P50 plants showing disap-
pearance of GFP, GFP-mRNA was not found, while GFP-siRNAs was
readily detected (Fig. 4B). On the other hand, GFP-mRNA, but not GFP-
siRNA,wasdetected inupper leaves (scions) of GFP/P50/GFPif plants (Fig.
4B). From these results, we concluded that P50 could suppress the long-
distance movement of silencing signals through phloem without
interfering with their production and cell-to-cell movement.
The ability of P50 as a movement protein may be associated with
a suppressor activity
P50has several functions associatedwith amovement protein (MP)
to trafﬁc ACLSV genome RNA and/or ACLSV RNA-protein complex from
infected cells into neighboring cells (Isogai et al., 2007). To investigate
Fig. 6. Analysis of RNA binding ability of P50 in vitro. (A) Gel mobility shift assay using
bacterial expressed P50 and 32P labeled single-strand and double-strand forms of 100 nt
RNA (ss100 and ds100). (B) Gel mobility shift assay using bacterial expressed P50 and
32P labeled synthetic ss and ds 25 nt siRNA (ss25, ds25). The number on top of each lane
indicates the amount of P50 protein (ng). An arrow and arrowheads in each panel
indicate the position of P50–RNA complex and free probe RNA, respectively. Asterisk
shown in (A) indicates non-speciﬁc signal.
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analyzed sevendeletionmutantsof P50 (ΔA,ΔB,ΔC,ΔD,ΔE,ΔF, andΔG),
each having about 40 to 70 amino acids deletions in different regions
(Fig. 5A) (Satoh et al., 2000; Isogai et al., 2003). It was reported that
deletion mutants, ΔA, ΔB, and ΔC could retain their abilities for
localization to plasmodesmata, cell-to-cell trafﬁcking, complementation
of P50-deﬁcient virus, and accumulation in sieve elements, while ΔD,
ΔE, ΔF, and ΔG lost these activities (Satoh et al., 2000; Yoshikawa et al.,
2006). The suppressor activity of these mutants was tested by an
agroinﬁltration assay using the GFP-plant as described previously
(Yaegashi et al., 2007a). GFP ﬂuorescence in leaves inﬁltrated with a
mixture of agrobacteria carrying GFP plus deletion mutants were faded
out at 3 to 5 dpif and exhibited red rings around the inﬁltrated area at
7 dpif (data not shown). Immunoblot analysis of total proteins from
inﬁltrated regions at 2 dpif showed that seven deletion proteins (ΔA to
ΔG) were accumulated in N. benthamiana cells (Fig. 5B), indicating that
all mutants are not able to suppress local silencing and cell-to-cell
spreading of silencing. At 14 dpif, systemic silencing of GFP in upper
leaves was observed in most GFP-plants inﬁltrated with a mixture of
agrobacteria carrying GFP plusΔD, ΔE, ΔF, or ΔG (Fig. 5A and Table 2). In
contrast, the systemic silencingofGFPwas inhibited in about 60%ofGFP-
plants inﬁltrated with a mixture of agrobacteria carrying GFP plus P50,
ΔA, ΔB, or ΔC (Fig. 5A and Table 2). These results indicated that the N-
terminal region (amino acids 1–284) is necessary for suppressor activity
to interfere with the long-distance movement of silencing signals.
P50 lacks binding ability with siRNAs
Many viral suppressors interferewith the incorporation of siRNA to
RISC or inhibit the generation of siRNA from long double-strand (ds)
RNA which are substrates for DCL by direct binding with double-
strand forms of siRNA and/or longer RNA (Merai et al., 2006; Lakatos et
al., 2006). It is believed that the nucleic acid(s) is a key component of
silencing signals, although it is not knownwhich species of the nucleic
acid(s) is involved in the long-distance movement of silencing signals
through phloem (Mlotshwa et al., 2002; Voinnet, 2005b). It has been
suggested that a long class of siRNA (24–25 nt) is involved in long-
distance movement of silencing (Hamilton et al., 2002; Himber et al.,
2003). On the other hand, it has been also reported that a silencing
signal may not be an siRNA (Mallory et al., 2001, 2003; Brosnan et al.,
2007). In this study, we examine whether P50 is capable of binding
with single-strand (ss) and double-strand (ds) forms of siRNAs, and/or
long RNAs by in vitro gel mobility shift assay using bacterial expressed
P50 and synthetic siRNA [ss- and ds-form of 25 nucleotides (ss25 and
ds25, respectively)] and long RNA(ss100 or ds100). Previously, P50 has
been reported to bind cooperatively with ss-long RNA (Isogai and
Yoshikawa, 2005). We ﬁrst examined the binding ability of P50 with
ss100 and ds100. When a serially diluted P50 (31.25 to 500 ng) was
added to each reaction, the bands of P50–ss100 complex were
detected in the top (wells) of gel, and those of free probes vanishedTable 2
The inhibitory effect of P50 deletion mutants on systemic silencing of GFP in
agroinﬁltration assay using GFP-plants
Constructs
(+GFP)
No. of plants
inﬁltrated
No. of plants
systemically silenceda
Suppression
efﬁciency (%)
Vector 23 21 8.7
P50 23 8 65.2
ΔA 23 9 60.9
ΔB 23 10 56.5
ΔC 23 10 56.5
ΔD 23 19 17.4
ΔE 23 20 13.0
ΔF 23 23 0
ΔG 23 22 4.3
a The number of plants exhibiting systemic silencing of GFP was counted at 14 dpif.completely from the gel (Fig. 6A), which was consistent with a
previous report (Isogai and Yoshikawa, 2005). As shown in Fig. 6A, the
bands of P50–ds100 complex were also detected at the wells of the
gel, similar to those of P50–ss100 complex. However, a free ds100
probe was detected in the presence of 31.25 to 250 ng of P50, and at
least 500 ng of P50 was required for complete disappearance of free
ds100 probe from the gel. The results indicated that the binding
afﬁnity of P50 with ds100 is weaker than that with ss100, though the
binding patterns would be cooperative in both ss- and ds-long RNA.
These results were conﬁrmed by competition assay using unlabeled
competitor RNAs (ds100 or ss100) (data not shown).
In the next experiments, we investigatedwhether P50 can bindwith
siRNAs using synthetic ss25 and ds25 as probes. As shown in Fig. 6B,
neither P50–ss25 nor P50–ds25 complex was detected in the gel when
the reactionmixtures contained 31.25 to 500 ng of P50. In addition, P50
could not bind with either ss21 or ds21 RNAs (data not shown). Thus,
P50 appeared to have no ability to bind with ss and ds siRNAs in vitro
under the experimental conditions in which P50 binds cooperatively
with long ssRNA and dsRNA.
Discussion
ACLSV-P50 suppresses systemic silencing without interfering with
local silencing in N. benthamiana (Yaegashi et al., 2007a). In present
study, we showed that P50 did not suppress short-distance spread of
silencing induced by cell-to-cell movement of silencing signals via
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revealed that P50 in an interstock could interfere with long-distance
movement of silencing from a rootstock to a scion (Fig. 4), strongly
suggesting that P50 is a unique viral suppressor that speciﬁcally
targets the long-distance movement of silencing signals through
phloem.
Although the suppressor action of P50 seemed to be similar to that
of Cucumber mosaic virus-2b (CMV-2b) reported in an earlier study
(Guo and Ding, 2002), recent studies have shown that the mode of
action of CMV-2b inhibits assembly and/or activity of RISC bymultiple
molecular mechanism (Zhang et al., 2006; Goto et al., 2007; Diaz-
Pendon et al., 2007). Therefore, the mode of suppressor action of P50
is different from that of CMV-2b. Though CTV-CP was also reported to
inhibit systemic silencing without interfering with local silencing (Lu
et al., 2004), it has not been elucidated whether CTV-CP inhibits cell-
to-cell or long-distance movement of silencing signals.
In grafting experiments using P50-plants, the suppression of
systemic silencing by P50 was not complete (about 60%) in GFP/P50if
and GFP/P50/GFPif plants. Similar percentages of silenced plants out of
inﬁltrated plants were obtained in GFP-plants reported previously
(Yaegashi et al., 2007a). We had discussed that the incomplete
suppression might be due to the lack of suppressor activity for local
silencing in P50, because transient expression of a candidate protein in
the agroinﬁltration assay ceases at 2–3 dpif unless it can suppress local
silencing (Fig. 2B; Yaegashi et al., 2007a). However, the present results
using P50-plants suggested that the incomplete suppression might be
due to weak interaction of P50 with the silencing signal rather than to
transient expression. Alternatively, the incomplete suppression may
implicate the possibility that a diverse silencing signal transport
mechanism exists. Although the exact nature of silencing signals for
long-distance through phloem has not yet been understood, nucleic
acid(s) should be included in signal molecules because of its
sequence-speciﬁcity of systemic silencing (Mlotshwa et al., 2002;
Voinnet 2005b). Signiﬁcant indirect evidence has been reported on
which species of nucleic acid(s) is involved in long-distance move-
ment of silencing signals, e. g., (i) a tight correlation between
accumulation of longer siRNA (24–26 nt) and onset of systemic
silencing in N. benthamiana (Hamilton et al., 2002; Himber et al.,
2003), (ii) 23–24 nt siRNAs with sequence of the silenced transgene
was detected in the phloem sap of systemically silenced transgenic
cucurbits (Yoo et al., 2004), (iii) accumulation of siRNA does not
correlate with systemic silencing in N. tabacum (Mallory et al., 2001,
2003), and (iv) a recent study also strongly suggested that the signal is
not siRNA in Arabidopsis thaliana (Brosnan et al., 2007).
Because no obvious phenotypic abnormality was observed in P50-
plants, the inhibition of long-distance movement of silencing signals
by P50may be a direct action between P50 and silencing signals rather
than an indirect effect, such as its phloem transport blockage.
Previously, it was reported that P50 accumulates in sieve elements
(SE) and localizes in sieve plates, the parietal layer, and inside of SE in
transgenic N. occidentalis expressing P50-GFP fusion protein and
ACLSV-infected C. quinoa (Yoshikawa et al., 1999, 2006). Analysis of a
series of P50 deletion mutants indicated that P50 mutants lacking
abilities for localization to plasmodesmata, cell-to-cell trafﬁcking,
complementation of P50-deﬁcient virus, and accumulation in sieve
(Satoh et al., 2000; Yoshikawa et al., 2006), also lost their suppressor
activity to interfere with the long-distance spread of silencing (Fig. 5A,
Table 2). The accumulation and localization of P50 in SE may be
important for speciﬁc inhibition of the long-distance movement of
silencing signals. Alternatively, suppressor activity of P50 may be
independent on functions as a movement protein. The P25 movement
protein which is one of three triple gene block proteins of Potato virus
X also acts as a silencing suppressor (Voinnet et al., 2000). Random
mutagenesis of P25 gene showed that the function as a suppressor is
independent on the functions as a movement protein, but is required
for cell-to-cell movement of the virus (Bayne et al., 2005). Though P50has been assigned to the 30K superfamily (Koonin et al., 1991;
Mushegian and Koonin, 1993), tobamovirus 30KP has no suppressor
activity for either local or systemic silencing (Bazzini et al., 2007).
We had expected that P50 would be able to bind with siRNAs,
because many viral suppressors have siRNA binding activity (Lakatos
et al., 2006; Merai et al., 2006), and siRNAs are possible candidates for
silencing signals through the phloem described above (Hamilton et al.,
2002; Himber et al., 2003; Yoo et al., 2004). However, our data
indicated that P50 could not bind with either ss- or ds-forms of siRNA
in vitro under the conditions that P50 binds cooperatively with long
ssRNA (Fig. 6B). Our results also showed that P50 can bind
cooperatively to long dsRNA as well as long to ssRNA (Fig. 6A), though
the binding afﬁnity with long dsRNA was weaker than that with long
ssRNA as shown in Fig. 6A. One of the possible mechanisms for P50 to
interfere with systemic silencing is involved in the binding ability of
P50 with long RNA (ss and/or ds). However, the binding afﬁnity of P50
with long dsRNA is not strong as described above. The binding ability
of P50 with long ssRNA is a common feature among movement
proteins of plant ssRNA virus. Therefore, it would be reasonable that
another function(s) may confer its speciﬁc interaction with silencing
signals. Recent evidence has indicated that three viral suppressors
target the protein component involved in silencing machinery. For
example, CMV 2b and Polerovirus P0 target Argonaute 1 (AGO1; a key
protein component of RISC) and inhibit its slicer activity or mediate its
degradation, respectively (Zhang et al., 2006; Baumberger et al., 2007;
Bortolamiol et al., 2007). Geminivirus V2 interacts with SGS3 protein
enabling RdR6 to produce a complementary strand (Glick et al., 2008;
Sharma and Ikegami, 2008). ACLSV-P50 may also have a function of
interacting with unidentiﬁed host protein contained in silencing
signal molecules. To test the idea, screening of host proteins
interacting with P50 would be required.
Materials and methods
Ti plasmid constructs
The plasmids pBI-GFP, pBI-dsGFP, pBE2113-P35T (vector),
pBE2113-P50 pBE2113-ΔA, pBE2113-ΔC, and pBE2113-ΔG were
described previously (Yaegashi et al., 2007a, 2007b). To construct
pBE2113-ΔB, pBE2113-ΔD, pBE2113-ΔE, and pBE2113-ΔF, cDNA frag-
ments were ampliﬁed by PCR from p35S50KP-ΔB, p35S50KP-ΔD,
p35S50KP-ΔE, and p35S50KP-ΔG, respectively (Satoh et al., 2000),
with two primers: AC50KBam (+) [5′CGCGGATCCATGATGA-
TAAGGGGTCACAAATTGA3′, containing a BamHI site (underlined)],
and AC50Ksac (−) [5′TACATGAGCTCTCACACACTTGGCGGAAGGT3′,
containing a SacI site (underlined)]. These PCR products were
double-digested with BamHI and SacI, and ligated to pBE2113-EGFP
restricted with same enzymes, respectively. All Ti plasmids were
introduced into Agrobacterium tumefaciens strain C58C1 by freeze–
thaw method.
Agroinﬁltration and GFP imaging
The agroinﬁltration method was described previously (Yaegashi
et al., 2007a). For co-inﬁltration, agrobacteria suspensions were
prepared at OD600=1.0, and equal volumes of each suspension were
mixed prior to inﬁltration. GFP imaging and photographing were done
as described previously (Yaegashi et al., 2007a).
Transgenic plants
GFP-expressing transgenic Nicotiana benthamiana line 16c (GFP-
plant; Kindly provided by Professor David Baulcombe) was used as
described previously (Brigneti et al., 1998; Yaegashi et al., 2007a). To
generate P50-expressing N. benthamiana (P50-plant), leaves of
nontransgenic N. benthamiana (NT-plant) were inoculated with the
205H. Yaegashi et al. / Virology 382 (2008) 199–206A. tumefaciens strain LBA4404 carrying pBE2113-P50, and the
transformants were induced to regenerate shoots and roots as
described before (Yoshikawa et al., 2000).
Grafting procedure
Three types of grafting experiments were conducted as described
in Figs. 2B–D. For single-grafting (Figs. 2B and D), 8 to 10 leaf-stage N.
benthamiana plants (approximately 8 weeks old) were used. Stems of
scions corresponding to the 7 to 10 leaf positions were cut into a
wedge shape that was then inserted into a vertical slit cut of the stem
of the rootstocks corresponding to 1 to 6 leaf positions. For double-
grafting (Fig. 2C), 10 to 12 leaf-stage plants (approximately 10 weeks
old) were used. The interstocks corresponding to 6 to 8 leaf positions
were cut into 2 to 3 cm long shapes, and thenwedge-grafted between
scions corresponding to 8 to 12 leaf stage and rootstocks correspond-
ing 1 to 6 leaf positions described above. The developed leaves of
scions and interstocks were removed and the grafting junctions were
ﬁxed with grafting clips (Tugiki Friend; Nihon peerless). The grafted
plants were placed in a humid plastic case to avoid drying for at least
7 days. Then, the three developed leaves of rootstock (4 to 6 leaf
positions) were inﬁltrated with a mixture of agrobacteria carrying
pBI-GFP and pBI-dsGFP to induce silencing of GFP [Figs. 2B and C].
When the leaves of scions were inﬁltrated with a mixture of
agrobacteria carrying pBI-GFP and pBI-dsGFP (Fig. 2D), the grafted
plants were kept for 4 weeks, and the leaves of the rootstock were
removed before agroinﬁltration and then two developed leaves of
scions were inﬁltrated.
Immunoblot analysis
Total proteins extracted from leaf and stem samples of N.
benthamiana, or leaf samples of ACLSV-infected C. quinoa were
electrophoresed in a SDS–10% polyacrylamide gel and transferred
electrophoretically to a PVDF membrane (Millipore). The membrane
was incubated with the polyclonal antibodies against P50, followed by
Anti-rabbit IgG (H&L) alkaline phosphatase linked antibody (Cell
Signaling) and immersed in development solution containing Fast Red
TR salt (Sigma) and naphthol AS-MX phosphate (Sigma).
Northern blot analysis
Total RNA extraction, low-molecular-weight RNA puriﬁcation, and
Northern blot analysis of GFP-mRNA and GFP-siRNA were carried out
as described previously (Yaegashi et al., 2007a).
Preparation of synthetic RNA
The synthetic 25-nucleotide RNA from mGFP5 sequence was
obtained from Takara Custom siRNA synthesis (Takara); siGFP25sense,
5′-ACUACCUGUUCCAUGGCCAACACUU-3′; siGFPantisense, 5′-
GUGUUGGCCAUGGAACAGGUAGUUU-3′. To generate the double-
strand form of 25 nt siRNA which had 2-nt 3′ overhangs (ds25),
equal quantities of sense and antisense oligonucleotides were mixed
in annealing buffer [30 mM HEPES-KOH (pH 7.4), 100 mM potassium
acetate, 2 mM magnesium acetate] and annealed by incubation at
94 °C for 1 min, 70 °C for 1 min, and then cooled down to 37 °C. The 25
nt dsRNAwas puriﬁed on a native 15% polyacrylamide containing TBE
gel. Sense and antisense 100 nt ssRNAs (ss100) were obtained from
pBluescript SK vector containing a 100 bp cDNA fragment of mGFP5
sequence by T7 or T3 transcription, respectively. These ss100 RNAs
were annealed as described above, and then additional single-strand
overhangs were removed by RNase A treatment. The ds100 fragment
was puriﬁed on a native 8% polyacrylamide containing TBE gel. In all,
5 pmol of RNA was radiolabeled with about 6 MBq of [γ-32P] ATP and
20 units of T4 polynucleotide kinase (TAKARA) in phosphorylationbuffer [50 mM Tris–HCl (pH 9.5), 10 mM MgCl2, 5 mM DTT, 5%
Glycerol] by incubation at 37 °C for 1 h. After phenol/chloroform
extraction, radiolabeled RNA was puriﬁed on a ProbeQuant G-50
Micro Column (GE healthcare).
Gel mobility shift assay
To express full-length P50 protein, pET-3aP50 was introduced into
Escherichia coli strain BL21(DE3)pLysS and expressed as indicated in
the manufacturer's instructions (Novagen). Bacterial expressed P50
was then puriﬁed and renatured as described previously (Isoga and
Yoshikawa, 2005). Binding reactions were performed in 10 mM Tris–
HCl (pH7.5), 50 mM KCl, 2 mM DTT, 10% Glycerol, 0.05% Tween20 and
20 units of RNase inhibitor (Promega). Each reaction contained various
amounts of P50 and 20 fmol of radiolabeled RNA probe. Binding was
performed at 22 °C for 20 min, stopped by adding dyes, and loaded
onto a Novex 6% TBE DNA retardation gel (Invitrogene) in 0.5xTBE. The
gels were then dried and autoradiographed onto an X-ray ﬁlm.
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